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Fluid inclusions in successively deposited generations of 
sphalerite from the Tri-State district have been examined for geo-
thermometry as a function of time. The main stage of vug-filling 
sphalerite has been studied most intensively and as many as 83 fluid 
inclusions have been examined in a single crystal. These sphalerite 
crystals are commonly zoned, and their filling temperatures exhibit 
a general pattern of declining temperature from their cores outward, 
from about 135°C down to 90°C. The decline is not a steady one, but 
rather it is characterized by fluctuations commonly about 15-20°C. 
Some fluctuations have magnitudes as great as 50-60°C,with tempera-
ture peaks reaching as high as 160°C. 
Earlier deposited yellow disseminated sphalerite was formed 
in a narrow temperature interval, 120 to 85°C, a range lower than 
that of the earliest main stage sphalerite. Small, reddish brown 
sphalerite, deposited after main stage sphalerite, appears to have 
formed at about the same or slightly higher temperature than the 
late portions of the zoned sphalerite crystals. The fluctuations 
in temperatures of deposition between generations of sphalerite 
and throughout a single period of sphalerite deposition indicate a 
fluctuating character of the ore-forming fluid. 
The fluctuations may be the result of multipulse introduction 
of the ore fluid or of mixing with a cooler fluid. 
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I. INTRODUCTION 
A. Purpose of Investigation 
Fluid inclusions are tiny cavities containing liquid and/or gas, 
which were formed by entrapment in minerals during their crystallization. 
They can be detected in polished sections of the transparent minerals, 
such as sphalerite, calcite, dolomite, and quartz. Where they are 
present in these minerals in ore deposits, they are believed to 
represent trapped samples of the ore fluid from which an ore has been 
deposited. They have been utilized to determine temperature, salinity, 
composition and density of ore-forming solutions (Roedder, 1972). 
The present investigation is a study of geothermometry of fluid 
inclusions in sphalerite deposited during successive generations in 
the Tri-Stat e district. The stedy was suggested by Dr. R.D. Hagni, 
who previously studied Tri-State paragenesis and delineated six 
repetitive periods of sphalerite deposition (Hagni, 1962, Hagni and 
Grawe , 1964). Specimens f rom his study were utilized f or the pre s ent 
investigation. In addition to studying sphalerite from various 
pa r agen e tic position, l a rge single cr ystals from the main stage of 
sphalerite de position we r e s tudie d in cons iderable deta il to de t ermine 
t empe rature va r iations that took place during t ha t pe r i od of s pha l er ite 
deposition. 
Tr i - St ate spha l erites are suitab l e f or f luid inclus ion studies 
f or the followi n g reasons : 
1. They commonly form as f r ee-growing, well-formed crystals, 
which need ve ry minor pressure corrections because they were f orme d 
2 
in open spaces. In addition, there is no recognizable deformation in 
the sphalerite crystals. 
2. Most sphalerite crystals contain sufficiently abundant 
inclusions, 
3. The small size of their inclusions, less than 1 mm. in 
diameter, indicates that the possibility for leakage is small. 
4. Color zoning in main stage sphalerite reveals the growth 
history of those crystals, providing a time framework. 
5. Sphalerite is the most important and abundant mineral in 
Tri-State ores and it forms crystals, most of which are sufficiently 
transparent for fluid inclusion observations. 
6. The paragenetic sequence of the minerals in Tri-State ore 
is well established and provides a good time framework for present 
investigation. 
7. The pressure correction required is minimal because the 
deposits have been formed at shallow depths as determined from 
stratigraphic and structural studies. 
The results of present work are relatively consistent with the 
basic assumptions for the use of fluid inclusions as geothermometry. 
The homogenization temperature data obtained correlates well with 
the geologic conditions. Temperatures determined for two nearby 
inclusions commonly give similar values. 
B. Previous Work 
Newhouse (1933) was the first to investigate fluid inclusions 
from sphalerite in Mississippi Valley lead-zinc deposits. He found 
that the temperatures of disappearance of vapor bubbles ranged from 
3 
115 to 135°C in Tri-State district, and 125 to 130°C in Picher district. 
The mines from which Newhouse's samples were obtained were not indicated. 
Schmidt (1962) divided Tri-State sphaler ites into two groups, 
sphalerite I and II. He found that 164 primary fluid inclusions from 
the earlier sphalerite I in the Picher field, gave temperature values 
be tween 120 to 85°C, and tha t 49 inclusions from l a ter s pha lerite II 
ranged from 105 to 83°C. In a suite of sphalerite samples collected 
at varying distances from the Miami Trough, there appeared to be 
decrease i n temperatures away from thi s major s t r ucture. 
Leach (1973) analyz ed 17 prima r y inclusions in Tri-State 
sphalerite. His limited number of temperature determinations ranged 
from 84 to ll4°C. He did not indica t e from whi ch mi nes nor pa r agene tic 
pos ition his sph a l e r i t e s amples were derived. 
Table I summarizes all fluid inclusion geothermometry results 
on spha l erite from Mississipp i Va l ley-type deposits (Mi d- con t inent 
r egion), known t o the writer. 
Table I. Summary of Temperature Data on Fluid Inclusion in Sphalerite 
from Mississippi Valley Type Deposits (Mid-continent Region) 
Locality 
Tri-State District 
Upper Mississippi Valley District 
Picher, Tri-State District 
Southeastern Missouri 
Upper Mississippi Valley Region 
Cave-in-Rock Fluorspar District, Illinois 
Picher, Tri-State District 
Tri-State District 
Cave-in-Rock District, Illinois 
Upper Mississippi Valley District 
Central Missouri 
Tri-State District 
Southeast Missouri Barite District 
Central Missouri Barite District 
Northern Arkansas Zinc District 
























Bailey & Cameron 
Freas (1961) 
Schmidt (196 2) 
Roedder & Others 
Hall & Friedman 











Southeast Missouri Lead District 137-145 Roedder, in Leach (1973 ) 
Central Kentucky 72-132 Roedder (1971) 
Central Tennessee 72-132 Roedder (1971) 
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II. GEOLOGY OF THE TRI-STATE DISTRICT 
The Tri-State mining district is located in southwestern Missouri, 
southeastern Kansas, and northeastern Oklahoma, and includes an 
area of about 2000 square miles. Its east-west dimension is about 
100 miles, extending from east of Springfield, Missouri to west of 
Picher, Oklahoma. It was one of the greatest zinc-lead producing 
districts in the world. 
The age of the consolidated sedimentary formations in the 
Tri-State district ranges from Precambrian to Pennsylvanian. 
Precambrian andesite porphyry , rhyolite porphyry, and microgranite 
porphyry have been intersected in deep drill holes. No commercial 
ores have been discovered in Cambrian and Ordovician sediments 
throughout the district. The zinc-lead deposits of the Tri-State 
district occur in cherty limestones of Mississippian age, with the 
most important deposits occurring in the Keokuk Formation. Other 
deposits occur in the Mississippian Cheste r and Reeds Spring Forma-
tions. The Pennsylvanian Shale overlies most of the ore deposits, 
but some minerali zation occurs in the shale. 
The struc tural features which favor ore deposition include 
brecciation, faulting, fracturing , folding, and solution collapse . 
The character and degree of structur al deformation appear to have 
controlled the size, shape, and richness of each ore deposit through-
out the distric t (Fowler , 1939). Run- type deposits occur in a r eas 
of vertical fracturing and brecciation. Sheet ground- type deposits 
predominate where horizontal fracturing is important . Some of the 
circle-type deposits occur in conjunction with down dropped 
Pennsylvanian strata in filled sink structures. 
Mineral zoning is characteristic of the Tri-State ore deposits 
(Lyden, 1950). The typical relationship is that of a dolomite core 
surrounded outward by a jasperoid zone, a zone of recrystallized 
limestone, and finally the unmineralized and unaltered limestone. 
The ore deposits occur in breccia zones at the contacts between 
the dolomite and jasperoid zones. 
6 
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III. MINERALOGY AND PARAGENESIS 
The most important and abundant minerals throughout the Tri-Sta te 
district include sphalerite, galena, chalcopyrite, pyrite, marcasite, 
dolomite, calcite, and quartz. These minerals occur as vug-fillings 
and replacements in the brecciated, silicified, and dolomitized 
Mississippian cherty limestone. 
The study of mineral paragenesis by Hagni (1962) is important 
because it forms the framework for the present investigation of 
fluid inclusion geothermometry. He described 7 periods of repeti-
tive mineral deposition in the Tri-State district, noting that 
chalcopyrite and pyrite were deposited during 8 different times, 
marcasite and sphalerite during 6, galena and quartz during 5. 
Sphalerite, the mineral utilized in the present study, was deposited 
early as light yellow grains disseminated in jasperoid and dolomite, 
later as brownish crystals on pink dolomite in vugs, subsequently 
as small reddish brown crystals on chalcopyrite , ga lena and earlier 
brown sphalerite, and rarely as crystals on late quartz and calcite. 
Sphalerite intergrown with galena in stalactites is believed to form 
very late . 
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IV. LABORATORY WORK 
A. Sample Preparation 
Sections from selected sphalerite specimens were cut to a thick-
ness of about 3-4 mm. A wire saw was utilized to cut the specimens 
in order to obtain a relative thin unbroken section. Each section was 
mounted on a 25 x 26 mm. glass slide with Duco cement and ground to 
a plate, 1-2 mm. thick, and with an even surface, using the petrographic 
Ingram thin-section grinder. The sections were ground by hand using 
45 micron diamond compound. The abrasive impregnated cloth was 
attached to a steel lap and lubricated by an oil-kerosene mixture. 
Because a very clear view into a section is necessary, the sections 
were highly polished on cloth laps successively impregnated with 6 
and 1 micron diamond compound abrasive. The finished sections were 
cleaned in acetone in ultrasonic cleaner. The same procedure was 
applied to the other side of each section. 
B. Technical Description 
The Leitz heating stage model 350 was used for this study of 
fluid inclusions. It consists of an outer ring and an attached 
internal part. The outer ring contains a mechanism for moving the 
object and connections for supplying electric current. The inner 
part houses the cooling chamber and the resistance heater. The 
object guide with clamp can be adjusted in two co-ordinates through 
8 mm. each, and can be fitted for specimen slides 26 mm. square and 
1 mm. thick. The cooling chamber may be connected to a faucet for 
water coolant supply. A rubber tube extension carries hot steam 
away into the sink. This arrangement a llows rapid cooling of the 
stage and specimen after high temperature heating. 
The entire heating stage is fitted on the stage of the micro-
scope by means of screws. The temperature within the cell i s 
measured with a thermometer inserted through the side of the cell. 
Four thermometers are available and their temperature ranges are: 
(1) -30° to 80°, (2) 60° to 170°, (3) 150° to 260°, and (4) 240° to 
350°C. 
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In order to heat the interior of the cell, the heating stage is 
connected to a regulating transformer. It heats a t low volt age . 
A heating rate of about 3°C - 5°C per minute gives the most consistent 
homogenization temperatures. The heating stage is designed fo r a 
maximum electrical load of 3.5 amps at 30 volts. 
C. Heating Operation 
A highly polished section is placed in the heating cell, and 
a fluid i nclusion is selected for measurement. The disappearance of 
its v apor bubble is observed while the temperature of the heating cell 
is slowly elevated. The temperature at whi ch the vapor bubble dis-
appears is called i t s homogenizat ion temperature and it is considered 
to be the l owest limit of temperature of formation fo r that mineral. 
When the vapor bubble disappears the temperature is instantly recorded. 
The current is turned off until t he temperature decreases sufficiently 
for the bubble to r eappear . Repetitive measurements are r eadily 
performed on the Leitz model 350. This allows easy checking of 
temperature r eadings for possible errors of measurement. The uncert ainty 
10 
of repeated readings performed for the present study is within limits 
of ± 2°C. Leakage is indicated if the vapor bubble suddenly changes 
size during heating or fails to return to its origina l siz e upon 
subsequent cooling. A bright tungsten source of light helped in 
studying the darker sphalerite specimens. A magnifica tion of 400 X 
was used for the smallest fluid inclusions. 
ll 
V. CHARACTERISTICS OF FLUID INCLUSIONS 
Three types of inclusions, primary, secondary, and pseudosecondary, 
were observed in sphalerite from the Tri-State district. The distinc-
tion between primary fluid inclusions, those formed at the same time 
as the enclosing mineral, and secondary fluid inclusions, those formed 
later than the enclosing mineral, is one of the more important aspects 
of fluid inclusion geothermometry. Apparent secondary inclusions, 
those trapped by the sealing of fractures or cracks in crystals during 
the growth of crystal, have been termed "pseudosecondary" by 
Ermakov (1949). 
Fluid inclusions which are located along crystal growth zones 
or parallel to color zones are considered to be primary (Figure 1). 
Primary inclusions also occupy tetrahedral nega tive crystals in 
sphalerite (Bailey and Cameron, 1951), but Roedder (1965) does not 
consider negative crystal shape to be evidence of primary origin . 
Planes of inclusions confined to individual mineral grains and con-
trolled by the orientation of the crystal lattice of those grains is 
evidence that those inclusions are primary. Elongate or t abular 
primary inclusions may show a uniform distribution and relationship 
to crystallographic control of the host mine r a l. Fluid inclusions 
which a re located in or nea r healed cracks along cleavages or frac-
tures planes, such as those shown in Figures 2 and 3, are assumed 
t o be secondary . Lines o f inclusions para l l el t o t he cleav age sugges t 
that those are secondary. Primary inclusions tend to be spherical, 
elliptical, or smoothly rounded in outline, but some may be more 
Figure 3. Photomicrograph showing two planes of secondary 
inclusions intersect each other. Main stage 
sphalerite, Grace mine. 125 X 
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Figure 1. Photomicrograph Bf a arge primary inclusion 
(center of photo) containing a vapor bubble 
and liquid. The inclusion also contains a 
small opaque particle. Main stage sphalerite, 
Jarrett mine. 125 X. 
Figure 2. Photomicrograph showing typical secondary 
inclusions along healed cleavage or fracture 




irregularly shaped. The shapes of secondary inclusions are varied, 
some of them range from smoothly oval, rod shaped, jagged to irregular 
in outline. Pseudosecondary inclusions most commonly are thin, flat, 
and irregular to subrounded in shape and arranged along cleavage 
or fracture planes (Figure 4). 
Many inclusions are formed by "necking down" of originally thin 
flat or long tubula r inclusions (Roedder, 1967). An example of the 
incipient n ecking down of a long tubular inclusion is s hown in 
Figure 5. More advanced stages of necking down are shown in Figures 
6 and 7, where sma ller inclus ions have become nearly separat e d f rom 
each other. Such inclusions must be avoided for geothermomet r y 
studies. 
Homogenization t empera tures fo r primary inclusions commonly 
give a consistent value and can be reproduced within limits of an 
experimental error of ± 2°C. The ratio of vapor bubble t o liquid 
in primary inclusions rema i ns r emarkably cons i stent along a given 
g r owth l ine . Only primary and pseudosecondary inclusions are suitable 
as indicators of forma tion tempe rature. Because secondary inc lusions, 
those located along cleavage fracture traces, usually produce a wide 
range of homogenization temper atures, they cannot be used for 
geothermome try purposes. Leakage f rom secondary i nclusions causes 
h igher homogenization temp er ature determinations for those inclusions 
than fo r primary incl usions i n t he same c r ystal . In the example shown 
in Figure 8 one can r eadily observe that the secondary inclusion con-
tains a larger bubble and therefore will y i e ld a higher f i lling 
temperature than the nearby primary inclusion . 
Figure 4. Photomicrograph exhibiting plane of pseudo-secondary 
inclusions. Each inclusion has a negative crystal 
shape and contains a small bubble and liquid. Main 
stage sphalerite, Jarrett mine. 125 X 
Figure 5. Photomicrograph showing incipient "necking down" 
of a long tubular inclusion. Main stage 
sphalerite, Grace mine. 125 X. 
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Figure 6. Photomicrograph exhibiting several pairs of 
inclusions formed as a result of the process 
of necking down. Each pair remains connected 
by a very thin tube. Main stage, vug-filling 
sphalerite, Grace mine. 125 X. 
Fi gure 7. Photomicrograph of two pairs of inclusions in 
which necki ng down has separated or nearly 
separated the inclusions. Main stage, vug-
fill i ng sphalerite, Grace mine. 125 X. 
16 
Figure 8. Photomicrograph illustrating the larger size of 
the bubble contained in a secondary inclusion 
(right) as compared with that of a primary in-
clusion (left) . Such secondary inclusions give 
filling temperatures which are higher than the 
temperature of formation of the enclosing 
sphalerite. This secondary inclusion filled at 
148°C whereas the primary inclusion bubble dis-
appeared at 133°C. Main stage, vug-filling 
sphalerite, Jarrett mine. 125 X. 
17 
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VI. COMPOSITION OF FLUID INCLUSIONS 
At room temperature most fluid inclusions consist of a low 
viscosity liquid (water) and a vapor bubble that occupies l ess volume 
than tha t of the liquid. The liquid from f luid inclus ion s in Tri- St a t e 
sphalerite has been shown to contain the following constituents: Cl 
+ ++ = + ++ = Na , Ca , S04 , K , Mg , B4o7 , and HC03 , the latter two in small 
amounts (Roe dde r, 1967). These inclusions a r e strongl y s a line br i nes , 
particularly rich in Na, Ca, and Cl. The vapor bubble is composed 
only of water vapor, probably essentially a vacuum. Rarely, fluid 
i n c l usions may contain solid daughter mi ne r a l s , s uch as those s hown 
in Figure 9 and 10. These crystals have precipitated from the trapped 
fluid during cooling, and they indica t e tha t f luid wa s satura t e d with 
respect to the cons t ituents of the daughter mi ner a l s , s uch as Na and 
Cl. Although Na and K salt crystals are the most commonly observed 
daughte r crystals, single, tiny , opaque pa rt ic l es have been obse rved 
within f luid i n c lusions i n spha l e r ite f r om Creede , Co l or ado and 
Cartagena, Spain (Roedder, 1960). Such partic les cou l d be a ccident a l 
trapp i ngs of susp ende d pa rti c l es of prec ipita t e , or they may r epresen t 
a precipitation on the wa l l of the i n c l usion. These pa r tic les a r e 
ev i den ce for prima r y origi n of t he enc losing f l uid i nc l us i on , because 
s econda ry i nclus i on s a r e said to l ack s uch pa r t ic l es (Roedde r, 1960) . 
The composition of the opaque partic l es is not known; they could be 
cha l copyrite , hematite or some other me t allic oxide o r s ulf i de . Tiny 
opaque part icl es a r e present i n some f l uid inc lusions in Tri-Stat e 




Photomicrograph showing four inclusions filled 
almost• e tirely with pe~rolebm (black) and 
aligned albng a grb~th one of the encios ng 
sphalerite. The petroleum is ellowi~h brown 
to dark brown in color an'd cohtairt bubbles 
whose disappearance upon heating generally 
yield temperatures which are lower than those 
determined in nearby aqueous inclusions. The 
multiphase inclusion toward the lower right 
side of the photomicrograph contains a daugh-
ter crystal in addition to liquid and a vapor 
bubble. Its shape is very similar to the 
lowermost petroleum inclusion. Main stage, 
vug-filling sphalerite, Joplin field. 125 X. 
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Figure 10. A single, three-phas_e tnclue.ton (large i.ncluston 
in center of photomtcrograph) contains vapor 
bubble, liquid, and several daughter crystals. 
Main stage sphalerite, Grace mine. 125 X. 
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Fluid inclusions in sphalerite contain oil in additi on L(' ;1 
brine. These two liquids may be present varying ratios from OIH' 
inclusion to another. Individual rhombs or aggregates of do l orn i. t e 
crystals are present in some crystals of ma in stage spha l e rit e 
(Figure 11). The presence of solid inclusions of dolomite in 
sphalerite is evidence that at least some dolomite was c ryst al l i~ed 
during the main period of sphalerite deposition. 
21 
The salinity of the liquid in a fluid inclusion may be de t e r min ed 
from the depression of its freezing temperature by means o f o mi c r o-
scope freezing stage. Fluid inclusions from sphalerit e in the 
Tri-State district show a range of freezing temperatures f r om 
-19.3 to -23°C (Leach, 1973). Salinitie s of about 22 weight pe r 
cent salts or greater are indica t ed by th is da t a . 
Figure 11. I.nclu~·:tona . of organic matter (dark spot..s) 
and one rhombohedra of dolomite (right 
center) included within zoned sphalerite 
crystal. · Main stage sphalerite, Grace 
mine • 125 X. 
22 
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VII. RESULTS OF fLUID INCLUSION STUDIES 
This study of fluid inclusions has dealt primarily with l a rge 
sphalerite crystals deposited during the main period of sphalerite 
deposition. These sphalerite crystals are color zoned, preserving 
the growth history of those crystals. Their color zones commonly 
change from lighter in their cores to darker at their outer edges, 
and the boundaries between them may be as distinct as the one shown 
in Figure 12. Sphalerite crystals deposited both earlier and later 
than the main stage also have been studied. These include: (1) dis-
seminated, yellow sphalerite, (2) small reddish brown sphalerite, 
and very late stalactitic zinc sulfide. The sphalerite specimens 
studied were provided from the collections of Dr. R.D. Hagni. 
A. Specimen 216 from the Jarrett Mine, Picher Field 
A specimen from the Jarrett Mine, numbered 216, consists of a 
main stage, vug-filling sphalerite crystal nearly 1 1/2 inches from 
center to edge, and derived from the M bed. A slab was cut from 
the specimen and it was studied by means of an intense light. this 
slab shows a pattern of growth zones which is characteristic for 
sphalerite crystals deposited during the main stage of sphalerite 
crystallization in the Tri-State district. The sequence of color 
zones, from interior to margin is: (1) greenish ye llow, (2) thin 
orange band, (3) yellowish brown, (4) brown to da rk brown, (5 ) thin 
red brown band, (6) orange brown, and (7) a very da r k brmm outer 
edge. All color zones, except the two thin band s , may local l y 
contain discontinuous, deep green streaks. The transitions be t ween 
zones are gradual for some, and distinct f or others. Sub-rounded 
Figure 12. Photomicrograph showing a sharp boundary between 
two color zones in a zoned sphalerite crystal. 
Note how clearly the fluid inclusions can be 
recognized in the sphalerite of the lighter zone 
in contrast to sphalerite of darker color. Main 
stage vug-filling sphalerite, Grace mine. 125 X. 
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fluid inclusions are extremely abundant in the early deposited 
greenish yellow sphalerite. Secondary inclusions are widespread 
in later, brown to dark brown and orange brown zones, but they 
25 
were not used for temperature measurements. Fluid inclusions could 
not be detected in the outermost zone of the very dark brown 
sphalerite. Roedder (1963) reports similar difficulty with very 
dark brown sphalerite. 
Six polished sections from a slab of this sphalerite specimen 
yielded eighty-three primary inclusions, more than in any other 
specimen examined in this study. A sketch of the color zones and 
the distribution of determined temperature data are shown in 
Figure 13. The range of determined temperatures were 87 to 145°C. 
The reproducibility of these temperature readings averages less than 
± 2°C. 
In order to better visualize the relationship between homogeni-
zation temperatures and time, the data are plotted in Figure 14. The 
horizontal axis of Figure 14 is approximately proportional to the 
volume of precipitated sphalerite and the vert ical axis represents 
homogenization temperatures determined f rom fluid inclusions. This 
specimen illustrates that the temperature of the ore f luids varied 
widely during the deposition of a single sphalerite crystal. 
Furthermore, the temperature declined gradually f rom the earliest 
deposited core of the crystal to its later deposited edge . The 
earliest portion of the crystal was deposited f rom ore fluids of 
about 135°C. By the time the late portion of this crystal was 
deposited th~ ore fluid had declined in temperature to about 90 °C . 
VERY DARK BROWN 
THIN RED 
BROWN 






















Figure 13. Sketch sho~,ring color zoning in sphalerite from the 
main period of zinc sulfide deposition together 
with the distribution of measured homqgenization 
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Figure 14. Plot of temperature of fo rmation vs. time of d eposition for sphalerite 
crys tallized during the main period o f z inc sulfide deposition , Jarre tt 
Mine, M bed, speci men 21 6 . 
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The decline in temperature, however, was not a uniform one, and 
significant fluctuations in terr.perc::tun: <:>.re recorded during the 
deposition of this crystal. For example, during the deposition of 
the earliest portion of the brown to dark brown sphalerite zone 
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the temperature increased to as much as 145°C. Thus, for a relatively 
brief period of time the temperature was higher than that of the 
earliest sphalerite deposited in this crystal, yet the temperature 
subsequently declines rapidly to its former pattern. A similar 
temperature increase of less magnitude occurs toward the end of the 
period of deposition of sphalerite of the greenish yellow zone. 
These changes in temperature indicate that some type of change in 
the character of the ore fluid took place during the period of 
rrain stage, vug-filling sphalerite deposition. 
B. Sphalerite Specimen from the Joplin Field 
A single main stage sphalerite crystal from the Joplin field 
was examined for comparison with sphalerite f ror.1 the Picher field. 
The sphalerite crystal is about 1 1/4 inches f rom center to edge, 
and it exhibits a pattern of color zoned growth similar to that o ~ 
main stage sphalerite crystals in the Picher field . The sequence 
of color zones i n this crystal , from core to edge, is: (1) light 
ye llow to almost white , ( 2) a t hin orange bro~m band, (3) greenish 
yellow, (4) red brown, (5) yellowish brown with included patches 
and streaks of green and (6) very dark brown at the edge o f the 
crystal. Flu i d i nc lusions , both primary and s econdary , are most 
abundant within the white to light yellow and in the greenish yellow 
zones. Most of the fluid inclusions in this crystal consist of two 
phases, but a few contain a daughter mineral or solid phase in 
addition to liquid and vapor bubble. Inclusions which contain a 
brown colored liquid (presumably petroleum) and a bubble occur in 
the greenish yellow zone. The fluid inclusions appear to be more 
common in the light colored zones and are difficult to detect in 
the darker colored zones. 
Six polished sections were prepared from the slab sawed 
through the sphalerite crystal. The position of each section was 
carefully recorded. Fifty-three primary inclusions were found to 
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be suitable for measurement. Figure 15 shows the distribution of 
fo rmation temperatures within the sphalerite crystal. The homogeniza-
tion temperatures range from 82.5 to 144.5°C, a range which is 
similar to tha t of s phalerite from the Picher field . Yet, the lowest 
temperature, 82.5°C is slightly lower than any temperature measured 
for Picher field main stage sphalerite. 
Figure 16 illustrates the variations of sphalerite deposition 
temperature with time of deposition . This diagram illustrates that 
the highest temperatures of deposition occurred during the deposition 
of the early white to light yellow and orange brown sphalerite . 
Par t of this earl y sphalerite deposited at t emperatures as high as 
144°C, The middle portions of this crystal, which consists of greenish 
yellow and yellowish bro•m sphalerite, h ave been deposited at sub-
stantially lower t emper atures , u s uall y at or be low about 90°C. An 
increase in temperature to 112°C during red brown sphalerite deposi-
tion is approximately coincident with a similar but highe r peak for 
30 
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Figure lS. Sketch showing color zoning in sphalerite from 
the main period of zinc sulfide deposition together 
with the distribution of measured homogenization 
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Figure 16. Pl ot of temperature of formation vs . time of deposition for sphalerite 
crystallized during the main period of zinc sulfide deposition, Joplin 
field. 
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the Jarrett specimen. The outer portion of this crysta l records a 
late deposition of yellowish brown sphalerite which was deposited 
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at higher temperatures than the middle portion of the crystal, increas-
ing to as much as 128°C. A similar, but smaller, increase was 
measured for this late sphalerite deposition in the Jarrett specimen. 
The shape of temperature curve in Figure 16 shows that there were 
fluctuations in homogenization temperature with time. Although there 
was a general decrease in temperature during the period of deposition 
of this sphalerite crystal, the temperature of the ore fluid(s) was 
again elevated during the later part of its period of deposition. 
Thus, main stage sphalerite from Joplin exhibits a temperature 
pattern somewhat similar to that of the Jarret t specimen from the 
Picher field. It differs in displaying a f latte r curve during the 
middle stages of greenish yell ow and red bro~n sphalerite deposition 
and by a more distinct uprising in temperature during l ate deposited 
yellowish brown sphalerite. 
A s e cond slab was sawed from the s ame sphalerite crys t a l , 
parallel to the first slab. Four polished sections wer e prepared 
from this slab. Twelve fluid inclusions wer e oeasured and the 
results a re given in Fi gures 17 and 18 . Although the pattern of the 
temperature curve is s imilar t o that of the prev ious slab , the 
small numbe r of temperature measurement do not allow a de tailed com-
parison. Tempe rature de cr ea s ed during the deposition of the gr e en i sh 
yellow (or yellowish brown) and red brown sphalerite zone s , and then 
increased again during formation of yel lowish brown sphalerite . 








Figure 17 . Sketch s ho'>ving color zoning in sphalerite 
from the main period of z inc sulfide depo s ition 
together with the distribution of measured 
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YOUNGEST 
Figure 18. Plot of temperature of formation vs. time of deposition for 
sphalerite crystalli zed during the main period of zinc sulfide 
deposition, Joplin field. 
34 
35 
C. Specimen 74 from th2 Grace B Mine, Picher Field 
A specimen of main stage sphalerite, from tte Grace B Mine was 
utilized to further examine the temperature ltistory of main stage vug-
filling sphalerite iL the Picher field. Tltis crystal measures one inch 
from center to edge. Its hand specimen field number is 74. Four 
polished sections were prepared from a slab sawed from the sphalerite 
specimen. The sequence of color zones in this crystal is: (1) greenish 
yellow, (2) orange, (3) yellowish brown, and (4) very dark brown 
sphalerite. Patches of greenish yellow and discontinuous streaks of 
deep green may occur locally. Elongate primary inclusions and planes 
of pseudo-secondary inclusions which are elongate or tabular in shape 
and oriented parallel to the direction of crystal growth are present 
in these sections. Petroleum inclusions are abundant in portions of 
the greenish yellow zone. About forty primary inclusions were examined 
and determinations of their temperatures ranged from 88.5-160°C. The 
distribution of these homogenization temperatures is given in Figure 19. 
The variation in temperature with time is plotted in Figure 20. 
Although there is an overall decline in temperature with progressive 
deposition of this sphalerite crystal, there are marked fluctuations 
in temperature even within a given color zone. The temperature highs 
appear to coincide vJi th those of the previously described sphalerite 
specimens. For exarn,llC', the peak at 160°C toward the end of greenish 
yellow sphalerite deposition in Grace D 74 correspond~ with a less 
pronounced peak toward the end of greenish yellow sphalerite deposition 
in the Jarrett specimen. Similarly, the peak at 158°C near the end 
of orange sphalerite deposition in Grace B 74 probably corresponds the 
YELLOWISH BROWN WITH 
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Figure 19. Ske tch showing co~or z oning i n s pha lerite from the main 
period of zinc sul f i de depos ition toge the r ~-.rith the 
distribution o f measured homogeniza t ion temperatur es, 
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Figure 20. Plot of temperature of formatio~ v s . time of deposition for 
sphalerite crystallized during the main period of zin c 
sulfide deposition, Grace B Mine, specimen 74 . 
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145°C peak in the Jarrett specimen. Both specimens display a slight 
increase in temperature during the late stages of sphalerite deposi-
tion before the formation of the very dark brown edge. These marked 
variations in temperature indicate a significant degree of fluctuation 
in the character of the fluid from which sphalerite of the main stage 
is deposited. 
The maximum temperature measured in this specimen, 160°C, is 
15 degrees higher than that previously measured in Tri-State 
sphalerite. Additional measurements in the high 140's and lSO's in 
nearby color zones support the validity of that maximum temperature 
value. 
A second slab was cut from the same specimen and two polished 
sections were prepared. Only twenty-two inclusions were detected 
and they give a narrowe r temperature range of 107-13l°C with a less 
distinct temperature pattern (Figures 21 and 22). The ll0°C minimum 
recorded during yellowish brown sphalerite deposition corresponds 
with the 110°C minimum recorded for the first slab . 
D. Specimen 63 from the Grace B Mine, Picher Field 
Four polished sections were prepared from a slab cut from a 
sphalerite specimen from the Grace B Mine. The field number of the 
specime n is 63. The crystal measures 9/10 inch f rom center to edge . 
This sphalerite was deposited during the main stage of zinc sulfide 
deposition. The sawed slab exhibits distinct color zones under an 
intense light. From core to margin the zones exh i bited are : (1) pale 
greenish yellow, (2) deep green-orange brown, (3) red brown, (4) yellow-
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Figure 21 . Ske t ch s howing color zoni ng in sphalerite 
from the main period of z inc s ul fide 
deposition together with the distribution 
of measured homogeni zat ion t empe r atures , 
Grace B Mine, specimen 74 . 
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Figur e 22 . P l o t of t emperature of f o r mation v s. time of depos i t i on for s phalerite 
c r ys t a llized dur i ng t h e main p e r iod of zin c s ulfide depos ition , 
Grace B Mi ne, speci men 74. 
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were observed and measured. They give homogenization temperatures 
which range 98-143°C. Only a few inclusions are present within the 
late red brown and yellow-orange brown zones. The inclusions are 
predominantly elliptical to sub-rounded primary inclusions, together 
with secondary inclusions along intersected planes. Petroleum inclu-
sions are abundant in the pale greenish yellow zone. No inclusions 
are recognizable in the very dark brown zone at the margin of the 
crystal. The temperature determinations are given in Figures 23 and 
24. 
This specimen shows the same general trend as the specimens 
described earlier, but the pattern is less well developed due to the 
smaller number of inclusions measured. There is a general decline 
in temperature with time. The decline is interrupted by a marked 
increase to 143°C toward the end of deep green-orange brown sphalerite 
deposition. This peak corresponds with the late high peak in the 
Jarrett specimen and with the 158°C peak in the Grace B 74 specimen. 
E. Early Yellow, Disseminated Sphalerite 
Early, yellow sphalerite crystals are disseminated in jasperoid 
and dolomite gangue. Eight polished sections were prepared from a 
specimen from the Blue Goose No. 1 Mine. Homogenization data f r om 
twenty-seven inclusions give a limited range of temperatures, fro~ 
84 to ll8°C. Figure 25, a frequency distribution diagram for homo-
genization temperatures for disseminated yel low sphalerite , shows t hat 
its temperature of formation usually was between 95°C and ll8°C. This 
is considerably lower than that of the earliest white or light yellow 
spha lerite of the main period of deposition . Fluid inclusions toward 
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Figure 23 . Ske tch sho,,.r ing color zoning in sphalerite 
from t he main period o f z i nc sul f ide depos ition 
toge ther "rith the distribution of measured 
homogenizat i on t empe r atures, Grace B Mi ne , 

















Figure 24 . Plot of temperature of formation vs. time of deposition 
for sphalerite crystallized during the main period of 
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the centers of yellow disseminated sphalerite crystals yield higher 
temperatures than those toward their edges. Thus, the change of tem-
perature during yellow sphalerite deposition is in the direction of 
declining temperatures. 
Filling temperatures also were measured in two sections of early, 
yellow, disseminated sphalerite in the Grace B 74 specimen discussed 
earlier for main stage sphalerite geothermometry. Temperatures of 
113-ll7°C were determined in four primary inclusions. This tempera-
ture range coincides with that of the Blue Goose Mine specimen. 
F. Small, Reddish Brown Sphalerite 
Small, reddish brown sphalerite crystals have been deposited 
after the main stage sphalerite. These small crystals were cemented 
to a glass slide with polyester resin, and they were polished in the 
same manner as the main stage sphalerite, 
In polished thin sections these crystals are not zoned but 
they show various colors from crystal to crystal: yellowish orange, 
red orange, and red brown. These small crystals, 0.5 to 2 mm. in 
diameter, contain very few fluid inclusions. Most are primary inclu-
sions which contain only a single aqueous phase. Many of the inclusions 
are too tiny for adequate examination. Daughter crystals are present 
in some of the inclusions. No petroleum inclusions were observed in 
sphalerite of this generation. Only two fluid inclusions were suitable 
for geothermometry. One primary inclusion yielded 108.5°C, another 
give a temperature below ll0°C. Both inclusions are from sphalerite 
from the Kenoyer Mine. This temperature for red sphalerite suggests 
that there may have been another temperature rise at this time, after 
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the deposition of main stage sphalerite, but more temperature deter-
minations for late red sphalerite are needed to confirm this point. 
G. Stalactite Zinc Sulfide from the Joplin Field 
Stalactites of zinc sulfide are uncommon in the Tri-State 
district. They appear to have formed very late, after all of the 
generations of sphalerite previously discussed. Because of their 
very late time of deposition it would be very interesting to know 
the temperature of the ore fluids at that time. Unfortunately, in 
a polished slide prepared from a stalactite, l 1/4 inches in diameter , 
f rom the Joplin field, no primary nor secondary inclusions large 
enough for temperature measurement could be found. In fact, the 
specimen contains only one or two very tiny inclusions, ones which are 
too small to measure. The stalactite consists of extremely fine-
grained, dark zinc sulfide which radiates outward from center of the 
stalactite. 
H. Sphalerite-Pyrite Concretion from the Pennsy lvani an Shale 
Pyrite concretions occur in the Pennsylvania n Shale overlying 
the ore deposits in the Mississippian rocks. Sphalerit e and galena 
may occur as fillings of shrinkage cracks in these iron sulfide con-
cre t ions . Four sections of sphalerite from pyrite concret ions were 
previously prepared by Dr. Hagni a nd examined by the writer. The 
sphale rite is dark yello-~.;rish brmm to dark red brown in color . I t 
commonly contains secondar y inclu sions , b"Jt only one primary inclu sion 
large enough for temperature det e rmination was found . I t gave a 
t emperature about 65-68°C. 
Table II summarizes homogenization temperature data studied in 
present research from the Tri-State district. 
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minated in jasperoid and 
dolomite. 
Same as above. 
Zoned, brown sphalerite 
in open spaces on pink 
dolomite. 
Same as above. 
Same as above. 
Same as above. 
Small, reddish brown sph-
alerites on top of galena 
and earlier sphalerite. 
Zinc sulfide i ntergrown 
with galena . 
Dark yellowish brown t o 
dark red brown sphalerite 
in Pennsylvanian Shale 
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VIII. SUMMARY AND CONCLUSIONS 
The research reported in this thesis has involved the measurement 
of homogenization temperatures for 272 fluid inclusions examined in 
40 polished sections prepared from 12 specimens. The ma jority of 
the fluid inclusions studied occur in sphalerite which was deposited 
during the main stage of vug-filling. Sphalerite of this stage has 
a brown exterior color, but polished slabs thin enough to allow light 
to be transmitted through them exhibit a pattern of color zoning 
which appears to be relatively consistent from crystal to crystal. 
The sequence of color zones from the interior to the margin of a typical 
main stage zoned sphalerite crystal is: (1) white to light yellow 
forming the core, (2) a thin orange to orange brown band, which is 
absent or weakly developed in some crystals , ( 3) a broad band of 
a pale greenish yellow (forms the cores of those crystals in which 
the first two zones are lacking), (4) a broad band of reddish brown, 
(5) a broad band of yellowish brown, and (6) a relatively narrow 
peripheral zone of very dark brown sphalerite . The sequence of 
sphalerite of differing colors records a succession of sphalerites 
deposited from ore- forming fluids which appear to have varied through 
time in their physical and/or chemical properties. The principal 
purpose of this research has been to investigate in detail the 
variations in the physical property, t emperature, which occurred 
throughout the time that the main stage, brown, vug-filling sphalerite, 
was deposite d. 
The main stage sphalerite crystals have formed over a broad 
r ange of temperature from 160 to 90°C. There is a general progressive 
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decline in temperat1J.re with time. The early-formed core of those 
crystals deposited at higher temperatures, the later portions at 
lower temperatures. 1his is particularly well illustrated by the 
Jarrett specimen fol:' which a very large number of fluid inclusions, 
83, documents a general decline in temperature throughout the period 
of deposition of thts single sphalerite crystal. 
The results of this research have brought out the fact that, 
superimposed upon the gradual decline in temperature described above, 
there is a significant degree of fluctuation in temperature with the 
passage of time. For example, the Jarrett specimen records seven 
increases (peaks) irl. temperature, each followed by a decline in 
temperature. In general, each peak is successively lower, and each 
decline reaches a lo"\J'er temperature than the previous decline. Most 
fluctuations in tempel:'ature for the Jarrett specimen are no larger 
than about l5°C. These fluctuations are evidence that the character 
of the fluid from which the ores were deposited was a fluctuating one. 
At tins3 there were ~ajor changes in the character of the ore fluid . 
For example, after arout two-thirds of the Jarrett sp;1alerite crystal 
had been deposited t~ere was an increase in the temperature of the 
fluid from 107°C up to 145°C, a f ter which it rather rapidly decline d 
to less tha~ 90°C. 
Hain stage vu.g--fLlling sphalerite crystals fro m the Grace B 
Mine were deposit ed from ore fluids of declining temperatur2s in a 
range about ~he s<Ufl\..• a.s that of the Jarrett sphalerite. Ye t, the 
Grace B 74 specimen shows differences in both magnitude and degree of 
fluctuation from the Jarrett specimen (Figure 26). This main stage 
Figure 26. 
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time-temperature curves for sp~lerite crystals 
the main stage vug-filling generation 
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sphalerite from the Grace B Mine is located less than one-quarter mile 
from the Jarrett specimen, yet it formed at temperatures as much as 
20°C higher and deposited from solutions that commonly fluctuated 40 to 
50°C. This illustrates that the ore forming fluids were different, to 
a limited extent, from place to place during the period of deposition 
of a single sphalerite generation. 
The single main stage vug-filling sphalerite from the Joplin 
field, in which 65 fluid inclusions were measured, suggests that the 
range and pattern of temperatures during main stage vug-filling 
sphalerite are not greatly different in that field than in the 
Picher field. The principal difference between the Joplin specimen 
and those from the Picher field is that of a much more distinct 
increase in temperature toward the final stage of Joplin main stage 
sphalerite deposition. 
Yellow, disseminated sphalerite was deposited before the main 
stage sphalerite discussed above, and it was studied l ess intensively 
than the latter. The 27 fluid inclusions measured in a specimen 
of 0 be d ore from the Blue Goose No. 1 Mine exhibited a n arrow r ange 
of temperature from 118 to 84°C. Schmidt (1962), who studied this 
generation of sphalerite more intens ively , found a remarkably similar 
range of temperature from 120 to 85°C f or 164 measured inclu sions . 
The highest temperature of yellow, disseminated sphalerite deposition 
are as much as 40°C lo\ver than the maximum temperatures of subsequent 
main s t age vug- fi lling sphalerite deposition . Thus , early yellow 
sphalerite has been deposited at t emperatures generally lower than 
the latter brown sphalerite, particularly lower than the ear ly stages 
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of the zoned sphalerite. The temperature declined during the period 
of deposition of yellow, disseminated sphalerite. 
Only a few fluid inclusions could be detected in sphalerite belong-
ing to generations of deposition later than the main stage sphalerite. 
Two fluid inclusions in late, small, reddish brown crystals gave 
a temperature of about 108°C. This temperature is about the same 
or slightly higher than the final stages of most main stage sphalerite 
in the Picher field. This may indicate another increase in f luid 
temperature during the deposition of red sphalerite. More temperature 
data is needed on sphalerite of this generation. 
Stalact i tic sphalerite is a rare occurrence in the Joplin field 
and is believed to represent a very late period of zinc sulfide deposi-
tion. No fluid inclusions could be detected in this very fine grained 
zinc sulfide. 
Temperatures measured for sphalerite deposited in cracks of iron 
sulfide concretions in the Pennsylvanian Shale yield 65-68.5°C. 
Although these temperatures are much lower than any temperatures 
determined for sphalerite deposited in the Mississippian rocks of 
the Picher and Joplin fie lds, they are somewhat higher than might 
b e expected . Sphalerite fi lling septarian concretions is be lieved 
to be of diagenetic origin. 
A prevalent hypothesis regarding the or i gin of Mississ i ppi 
Valley-type deposits is that the metals were taken into so lution as 
soluble chloride complexes (He lgeson , 1964) in brine s derived f rom 
nearby sedimentary basins (White, 1968). Leach (197 3) believes that 
the Ouachita geosyncline formed the source area for the ores deposited 
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in the Northern Arkansas, Tri-State, Central Missouri, and Southeast 
Nissouri districts, because the maximum filling temperatures in the 
first three named districts become progressively lower to the north. 
The maximum temperatures determined for the Tri-State district by 
the present research do not appear to fit that pattern. That is, 
the maximum temperatures for Tri-State sphalerite now appear to be 
higher than that of either Central Missouri or Northern Arkansas. 
A locally derived sedimentary basin source would seem to be more 
likely for the Tri-State ores. 
The fluctuations in temperature during the deposition of 
sphalerite, brought out by the research presented in this thesis, 
could be the result of one or more processes. Each increase in 
temperature may represent a new surge of heated brine. or possibly 
a pulse in a long drawn out introduction of the ore fluid. Alterriately, 
the temperature fluctuations may represent varying proportions of a 
cooler fluid mixed with the hotter brine, perhaps some\vhat in the 
manner proposed by Jackson and Beales (1966), or possibly even a 
mixing with cooler ground waters of meteoric origin. 
The presence of oil in some of the fluid inclusiOliS in Tri-State 
sphalerite raises the interesting question of the role of such material 
in the genesis of the ore deposits. This research has shown that 
petroleum-containing fluid inclusions are very coPlffion in the early 
deposited greenish yellow sphalerite and are present more locally in 
later deposited yellowish brov.rn sphalerite. Also, asphaltic residues 
drip down of the \valls of some mines in the Tri-State district. On 
one hand, petroleum may have formed the food for bacteria, which in 
turn may have reduced sulfate from ground water into a sulfide form 
suitable to combine with metals and cause the deposition of the ore 
deposits. On the other hand, petroleum may simply constitute a 
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Figure 27 . Frequency distribution diagram of homogenization temperatures f o r 
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Figure 28 . Frequency distribution diag ram of homogenization temperatures fo r 
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Figure 29. Frequency dist ribution diagram of homogeni zation temperatures 
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Figure 30. Frequency distribution diagram of homogenization 
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Figure 31. Frequency distribution diagram of homogenization temperatures f o r 
brown sphalerite from Grace B Mine, specimen 74 . 
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Figure J2. Frequency distribution diagram of homogenization temperatures 
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Figure 33. Frequency distribution diagram of homogenization temperatures 
fo r brown spha lerite from Grace B Mine, spec imen 63 . 
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